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This paper reports a numerical investigation of a periodic metallic structure sandwiched between two quartz
plates. The volume comprised between the quartz plates and the metallic structure is infiltrated by a mixture
of azo-dye-doped liquid crystal. The exposure to a low power visible light beam modifies the azo dye molecular
configuration, thus allowing the wavelength shift of the resonance of the system. The wavelength shift depends on
the geometry of the periodic structure and it also depends on the intensity of the visible light beam. © 2014
Optical Society of America
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1. INTRODUCTION
In 1997 Ebbsen et al. demonstrated how making a periodic
arrangement of subwavelength holes in an otherwise optically
opaque metal film may induce an extraordinary amount of
light transmittance for certain frequencies, the so-called
extraordinary optical transmission [1]. The enhanced trans-
mittance is attributed to the excitation of surface-plasmon
polaritons (SPPs) [2]. The transmission of light can be totally
suppressed by a regular periodic arrangement of subwave-
length structures [3]. It is attributed to the sign change at
the metal/dielectric interface of the real part of the dielectric
permittivity of the metal evanescent SPPs fields that are highly
confined at the boundary of the metal. The manipulation of
plasmon resonances in metallic nanostructures has been
attracting great interest due to their widely anticipated appli-
cations in microscopy [4], waveguides [5], and lasers [6]. To
improve the performance of plasmonic devices, significant
effort has been devoted toward optimizing the quality of SPPs
as well as their tunability.
Tuning the surface-plasmon resonance (SPR) of metallic
nanostructures has been the subject of many recent studies,
both experimentally and theoretically [7–9]. The possibility of
tuning the resonance of metallic structures is of particular
interest in many applications as SPR biosensing instruments
in the determination of affinity parameters for biomolecular
interactions [10], optofluidic sensors [11], and absorbers with
extended working frequency ranges [12,13]. Two approaches
are generally investigated: (1) the tuning based on the modi-
fication of the geometric parameters [14] and (2) the tuning
based on the modification of the medium surrounding the
plasmon structure [15]. For the geometric tuning, when
the period of the geometry and the thickness of the metal
film are varied, the resonant wavelength changes slightly
[15]. The resonant wavelength is redshifted when increasing
the period, while it is blueshifted when increasing the thick-
ness of the metallic film [16]. The variation of the surround-
ing’s dielectric properties is a much more effective method
[15], because it allows a real time, continuous, and reversible
tuning of the plasmonic resonance. Liquid crystals (LC) have
proven to be effective in tuning optical properties of plas-
monic devices [17–23]. A structure based on gold nanodisk
plasmonic crystal controlled by dual frequency liquid
crystal was presented in [18,19]. By adding an azo dye to
the LC, the concept was extended to all-optical control of
a hybrid system composed of photoswitchable gratings
and Au identical nanodisk arrays [22], to a plasmonic
absorber using a liquid-crystal-coated asymmetric nanodisk
array by mixing the liquid crystal with and to an asymmetric
nanodisk array [23].
In this paper, we investigate a novel composite structure
proposing regular gold rings, rather than only disks, with a
nematic liquid crystal (NLC) doped with an azo dye. We
present the model used to evaluate the effects of the external
optical pump and calculate the effects of the boundary con-
ditions and geometrical parameters and shows the MR:LC
refractive index distribution in the cell volume. Finally, we
present the optical response that shows that an excess of
structure behaves as a tunable absorber with an excess of
30 dB absorption that can be geometrically and optically
tuned over a broad range of wavelengths.
360 J. Opt. Soc. Am. B / Vol. 31, No. 2 / February 2014 Gilardi et al.
0740-3224/14/020360-06$15.00/0 © 2014 Optical Society of America
2. DEVICE GEOMETRY AND PHYSICS
Figure 1 illustrates the structure under investigation, which
consists of a 2D array of gold rings on a quartz substrate, with
a period T . The thickness, internal radius, and external radius
of the rings are denoted with h, a, and b, respectively. The
plasmon resonances in the near infrared spectrum region
are found for T  800 nm and b  300 nm [15].
For a  0 the gold rings degenerate into gold disks. The
ring arrays can be fabricated by using the standard electron-
beam lithography, as discussed in [16]. The structure, as so far
described, is covered with an upper quartz plate. The se-
paration of the two quartz plates is t  1000 nm. This value
can be achieved by means of silica ball spacers or photopat-
terned posts. After gluing and partially sealing the plates, we
consider here that the volume comprised between the quartz
plates and the gold rings is infiltrated by a mixture of azo-dye-
doped LC.
In our simulations we will consider a mixture composed of
the NLCE7 dopedwithmethyl red (MR), 2% inweight, which is
the highest possible soluble quantity of MR in NLC (MR:E7) to
minimize the pump power required for optical tuning [24]. E7
and MR are easily available and have well-known optical prop-
erties that allow immediate comparison with previous works
[25,26]. At λ  1550 nm, the refractive indices of E7 are npar 
1.689 and nperp  1.5 for light polarization parallel and
perpendicular to the LC molecular director, n, respectively.
At thermal equilibrium, with no applied external stimulus,
MR is in its elongated trans form. The MR:E7 mixture behaves
as a guest-host optically anisotropic mixture of an LC com-
pound and a nonliquid crystalline compound. The small quan-
tity of MR does not significantly modify the refractive index of
the mixture with respect to the pure E7. In this mixture, the
long axis of the LC molecules and the long axis of trans-MR
remain aligned parallel to the z axis. This prealignment of the
MR:E7 may be induced by a few nanometers thick layer of
polymer Nylon 6 (not shown in Fig. 1. deposited on the sur-
face of both quartz plates and properly rubbed along the z
direction, which is neither affected by the pump power nor
considered explicitly in the numerical model. Methyl red turns
in the spherical cis form when the structure is irradiated by a
visible TE-polarized (electrical field parallel to z) pump laser
at the wavelength λ  532 nm, which is in the absorption band
of MR. Methyl red conformational molecular transition brakes
the directional order of the MR:E7 guest host. In this condi-
tion, the MR:E7 mixture behaves like an optically isotropic
material since no preferential orientation is induced to the
LC. The local refractive index of the mixture after the expo-
sure can be estimated as the average value given by [27]
hni 

n2par  2n2perp
3
s
 1.565: (1)
Upon reduction of the pump power, nematic order is recov-
ered, due to the interaction with the alignment layer. By con-
tinuously changing the power of the optical pump, it is
possible to vary the refractive index of the mixture seen by
an impinging TE-polarized light beam (electric field parallel
to the z direction) from 1.5 to 1.565.
The working principle of the proposed device is based on
the variation of the refractive index of the MR:E7 mixture by
applying an external optical pump in the visible spectrum. In
detail, we evaluate the plasmon resonance shift in relation to
the optical power of the pump laser.
3. MODELING OF THE MIXTURE
ORIENTATION
The orientation of the NLC director distribution is computed
by minimizing the MR:E7 free energy by solving the partial
Euler–Lagrange equation in the weak form. We use the finite
element method implemented in a commercial solver [28,29].
The free energy of the MR:E7 mixture takes into account the
elastic energy of the LC and the molecular reorientation
induced by the deformation of the exposed MR [30],
F  FLC  FMR; (2)
where
FLC 
1
2
K11∇ · n2 
1
2
K22n · ∇ × n2
 1
2
K33n × ∇ × n2; (3)
FMR  −
1
2
ηε0ΔεMRn · E⃗PUMP2  εMRE⃗PUMP · E⃗PUMP. (4)
Here, FLC depends on the elastic constant of the LC, while
FMR is related to the intensity of the visible pump laser. The
values considered in Eqs. (3) and (4) are: K11  12 pN, K22 
7.3 pN and K33  17 pN. η is the diffraction efficiency as
defined in [31]. The boundary conditions imposed by the
mixture/quartz surfaces play a role in the evaluation of the
total energy of the mixture. In our model we consider
the LC molecules aligned in the z-direction (φ  0) and the
molecular director parallel to the plane xzθ  0. Strong
boundary conditions are assumed as typical of rubbed nylon.
By solving Eq. (2), it is then possible to calculate the local re-
fractive index of the mixture as a function of the pump power.
Figure 2 shows the refractive index distribution when the
power of the optical pump is changed. It clearly identifies a
bulk reorientation of the mixture. There is not a relevant re-
orientation of the mixture near the mixture/quartz interfaces,
due to strong anchoring conditions in those regions. The
refractive index change occurs from the vertical center of
the structure (about y  500 nm), where the effect of the
Fig. 1. Schematic of the device. T is the period of the structure, a and
b denote the internal and external radius of the rings, respectively, h is
the thickness of the rings, and t is the distance between the quartz
plates. The bottom left inset sketches the orientation of the liquid crys-
tal molecular director, n.
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boundary conditions is weak, and then propagates to the
interfaces. The refractive index value is almost independent
of the x coordinate, while it is strongly dependent on the
y coordinate. Furthermore, the refractive index distribution
does not depend too much on the a parameter. In other words,
there are no significant differences between disks and rings as
far as the refractive index profile is concerned, as Fig. 2
clearly shows.
Figure 3 reports the refractive indices of the MR:E7 mixture
as a function of laser power at three specific points of the
cell. The point considered are P1  x1; y1  0; 500 nm,
P2  x2; y2  0; 750 nm, and P3  x3; y3  0; 900 nm,
as reported in Fig. 2. A similar behavior for the refractive in-
dex of the mixture is found, for the same value of gold thick-
ness (h  20 nm) and for a disk with a  250 μm. This is a
natural consequence of the reasonable assumption that pump
power is substantially uniform with respect to x and y.
The comparison among P1, P2, and P3 shows that the reor-
ientation of the mixture occurs for lower optical pump values
at the point close to the vertical center of the structure. Again,
that is related to the weaker effect of the imposed strong
boundary conditions further away from the surfaces and to
the assumption that pump power is substantially uniform with
respect to x and y. From Fig. 3, it is also possible to define a
threshold laser pump (Pth) and a saturation laser pump (Psat).
Pth is the particular value of the laser pump where the elastic
forces of the LC and the mechanical forces of the MR are
equal. If the laser pump power is below Pth, there is no reor-
ientation of the MR:LC mixture because the MR does not have
enough strength to disrupt the LC order.
The reduction of the MR:E7 mixture order starts when the
pump power overcomes Pth. The reorientation of the LC, and
then the changing of the refractive index, occurs until the
pump power reaches Psat. We define Psat as the pump power
to apply to completely transform the MR. According to our
simulations, the value of Psat is about 40 mW∕cm2. The value
obtained for Psat, matches the experimental results reported
in [32] in which a similar volume of mixture was used and
where the anchoring was associated with similar boundary
conditions.
4. SPECTRAL RESPONSE
After solving the problem of the refractive index distribution,
we investigate the relation between the pump power and the
spectral response of our device in the near infrared telecom
window.
All spectra are computed by considering a free space beam
generated by a broadband source impinging with normal in-
cidence on the structure, i.e., propagating along the −y axis.
The problem is studied for the TE-polarized light (electric field
parallel to z). We consider the periodic boundary conditions in
the x and z directions, and the absorbing boundary condition
in the y direction. Dispersive properties of gold are taken into
account using the experimental data reported in [33] while the
refractive index considered for the quartz plates is fixed as
1.44 when the wavelength is 1550 nm.
Figure 4 shows the effect of the variation of h, when a  0
and without any optical pump. The resonance is blueshifted
when the thickness of the gold disk is increased. We note that
the SPP modes supported by the two interfaces strongly cou-
ple with each other in the thin-film limit, while they are almost
decoupled for a thicker film, i.e., h  150 nm. Under this cir-
cumstance, the SPP resonance is related only to the mode for
the single interface.
The SPP resonance appears when the plasmon wave vector
matches the wave vector of the incident photons and gratings
as in [17],
kSPR  k∥  gPx  f Py; (5)
where kSPR is the surface-plasmon wave vector, k∥ is the com-
ponent of the incident light wave vector in the plane of the
grating, and Px  Py  2π∕T is the reciprocal vector of the
grating for the square array. In all computations, the depth
of the suppressed wavelength of the transmitted signal
Fig. 2. Mixture refractive indices for four values of the optical pump.
Refractive index variation for disk (a  0 nm) (left) and ring with a 
250 nm (right). For all cases reported, T  800 nm, b  300 nm,
h  20 nm, and t  1000 nm.
Fig. 3. MR:E7 mixture refractive index for three different points of
the cell versus laser pump power. The geometrical parameters con-
sidered are T  800 nm, a  0, b  300 nm, and t  1000 nm.
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exceeds 20 dB. The behavior of the spectral responses at
around 1250 nm is due to the Rayleigh anomaly defined by
λR  nquartz · T and it does not depend on h. In an effective-
index picture, the variation of h and a induces a change in
the SPP dispersion relation and its effective index.
Figure 5, in addition to Fig. 4, describes the tuning of the
spectral response when the internal radius and the thickness
of the rings changes. The curves in Fig. 5 are well fitted by
quadratic curves, indicating a linear dependence on the
gold-surface coverage. The case a  0 nm corresponds to the
resonant wavelength position reported in Fig. 4.
Next, we investigate the effect of the laser pump. Figure 6
shows the transmittance when the device, based on periodic
disks (a  0 nm), is exposed to a pump laser beam of
40 mW∕cm2Psat, which induces a complete disruption of
the order of mixture MR:E7, compared to the case without
optical pumping.
The application of the pump implies the increase of the re-
fractive index of the structure for the defined TE polarization.
This leads to the increase of corresponding kSPR, which in-
duces redshift of the plasmon resonance. The tuning obtained
in the configurations proposed in Fig. 6 decreases from 40.8 to
29 nm when h increases from 20 to 150 nm, but the rela-
tive wavelength shift remains substantially unchanged at
2.3 0.2%. Besides, we show in Fig. 7 the effect of the optical
pump, in the case of a  250 nm (rings). Note that, when hav-
ing the same periodicity, the resonant wavelength for the
disks array is quite different from that for the ring structure.
This is mainly due to the different SPP dispersion arising from
the coupling of SPP modes. Note that the phase matched con-
dition, see Eq. (5), is fulfilled for both cases.
The tuning obtained for the configurations simulated in
Fig. 7 decreases from 122 to 45 nm when h increases from
20 to 150 nm. This relative shift is slightly more sensitive to
the gold thickness in rings due to larger exposed surface to
volume ratio (increasing monotonously from 1.7% to 3.2%
for h increasing from 20 to 150 nm). The data presented in
Figs. 6 and 7 show that the relative tuning from the rings con-
figuration is larger if compared with the disks one, though res-
onances occur at longer wavelengths. To emphasize the effect
of the optical pump, we report the detail of the tuning of the
spectral response versus the pump power value when
h  20 nm, a  0 and a  250 nm, as reported in Figs. 8
and 9, respectively.
For the disks, starting from the case of no optical pumping,
the resonant wavelength shift develops from 1767.20 to
1808.00 nm when the pump is set to 40 mW∕cm2.
Fig. 4. Simulated zero-order transmittance spectra as a function of
the gold thickness, for a  0 nm, b  300 nm, and T  800 nm, with-
out a pump signal.
Fig. 5. Resonant wavelength position as a function of the gold thick-
ness, for b  300 nm and T  800 nm, without a pump signal.
Fig. 6. Simulated zero-order transmittance spectra as a function of
the gold thickness (h). The geometry considered is a  0 nm (disks),
b  300 nm, and T  800 nm. The dashed and solid lines compare op-
tical pumping with Psat  40 mW∕cm2 to the case of no pumping.
Fig. 7. Simulated zero-order transmittance spectra as a function of
the gold thickness (h). The geometry considered is a  250 nm (ring),
b  300 nm, and T  800 nm. The dashed and solid lines compare op-
tical pumping with Psat  40 mW∕cm2 to the case of no pumping.
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For the rings, starting from the case of no optical pumping,
the resonant wavelength shift develops from 3787 to 3850 nm
when the pump is set to 40 mW∕cm2.
5. CONCLUSION
In our numerical studies we have demonstrated the potential
for all optical tuning of the plasmon resonance in a periodic
metallic structure. The tuning occurs when an optical pump
light in the visible spectrum hits the mixture of azo-dye-doped
liquid crystal. Significant differences are observed for disks
and rings. The proposed device allows precise control over
the spectral response and is completely reversible. Compared
with conventional (thermally or electrically controlled) LC-
based devices, this approach offers new advantages, such
as very low power consumption and short response time
for the next generation of optical tunable plasmonic devices.
Once the geometrical structure is defined, the amount of the
wavelength shift depends on the power density of the optical
pump. We envisage that the proposed structured thin film may
be applied to create tunable mirrors for laser devices and
other components. Moreover, the suppressed transmission re-
sults in enhanced absorption, which is potentially interesting
in the context of energy harvesting for solar cells and photo-
catalysis.
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